Using an immunological method we assayed the levels of auxin, abscisic acid and three cytokinins (transzeatin riboside, dihydrozeatin riboside, isopentenyladenosine) in flowers of female and male plants of Asparagus officinalis L. at different stages of development. The largest differences between the sexes were found for auxin: auxin content was found to be about three times higher in young male flowers than in female flowers at a corresponding developmental stage. In order to identify some of the biochemical markers linked to sex differentiation, we also examined peroxidase isoenzyme patterns during flower development. We found five flower-specific peroxidase bands, three of which appear to be localized in the anthers. In young flowers still sexually undifferentiated in their morphology these bands are present in both sexes. They subsequently rapidly disappear in the female flower (approximately at the same time as when anther development is blocked), while they persist for a much longer time in the male. The temporary presence of these peroxidase isoenzymes in female young flowers together with the large difference in auxin content indicate that the stage of the young flower is a crucial moment in the process of sex determination.
Introduction
The differentiation of plant sexual organs (stamen and carpel organogenesis) is influenced by several environmental factors, the most important of Offprint requests to: G.P. Marziani Longo which appears to be the level of endogenous hormones. The importance of hormones in sex expression has been studied both in monoecious and dioecious species by two different approaches: the exogenous administration of growth regulators to developing plants and the quantitative analysis of endogenous hormones (Chailakhyan and Khrianin 1982, Durand and Durand 1984) .
At present we are investigating the role of hormones in sex differentiation in Asparagus officinalis, a dioecious plant of agricultural interest. The genetic control of sex determination in this plant is based on a model in which both structural genes for carpels and stamens are present in the female and male plants and sex dimorphism is determined by the expression of two major regulatory genes: a dominant suppressor of female flowers and a dominant activator of male flowers (Westergaard 1958 , Franken 1970 . Males are thus heterozygous for two genes that have been localized on the homomorphic chromosome pair L5 (Loptien 1970) . The vegetative organs of the female and male plants develop quite similarly, while flowers, which at early stages of development possess both carpels and stamens, eventually develop differently. In female flowers only the pistil becomes functional, while the stamens stop developing and collapse. In male flowers the opposite occurs, but in this case the ovary simply remains blocked in its growth without degenerating when the stamens take over (Lazarte and Palsen 1979) . Apparently the sex regulatory genes do not become active at the very moment of flower initiation, but at a crucial time during later development.
In this paper we report the results of a study in which the levels of various hormones (three cytokinins, auxin and abscisic acid) in the flowers of female and male plants at different stages of development were measured. Our aim was to see if there are differences between the two sexes and, if so, to determine the developmental stage when these differences appear. In the same flowers the isoenzyme patterns of the peroxidases present were also analyzed in order to determine if there is a sex-specific isoenzyme and if so, if its appearance can be correlated to a particular stage of flower development.
Materials and methods

Plant material
Asparagus female and male plants (line UC-127) with very similar genetic backgrounds were used. The plants were grown in the open field at the horticultural station of Montanaso Lombardo (Istituto Sperimentale per l'Orticultura, Sezione di Montanaso Lombardo). Spears having an average length of 2 cm, flowers and phylloclades were collected from both female and male plants. Flowers were chosen at three different stages of development, designated "young", "intermediate" and "mature". Young flowers consisted of buds having an average length of 1 mm, at the stage of microsporocytes, with carpels and stamens both in the female and male; intermediate flowers had an average length of 2 mm and at the stage of microspores; mature flowers were completely developed: the female ones with unfertilized pistils (average length: 34 ram), the male ones with still unopened anthers (average length: 5 6 mm). For isoenzyme separation we used anthers isolated from "intermediate" flowers, and whole flowers at seven different stages of development. These stages are described in the text. Plant material was frozen in liquid nitrogen immediately after collection and stored at -80 ~ C.
Tissue extraction and hormone assay
Tissue was homogenized in liquid nitrogen and extracted in 80% (v/v) MeOH-H20 containing 10 rag/1 butylated hydroxytoluene (1 g tissue in 5 ml extraction medium), for 24 h at 4 ~ C in the dark on an overhead mixer. After centrifugation the extract was diluted to 70% methanol with bi-distilled water, passed through a C18-reverse phase prepacked column (SEP-PAK, Waters associates) and evaporated to dryness in a vacuum centrifuge. For cytokinin and abscisic acid (ABA) determination the precipitate was redissolved in TBS (1 ml/g fresh weight) (TBS: 25 mM TRIS, 100 mM NaC1, I mM MgCI2, 0.1% NAN3, pH 7.5). For IAA determination the precipitate was resuspended in 100% methanol, methylated with ethereal diazomethane, evaporated to dryness and dissolved in TBS (1 ml/g fresh weight).
The hormone content of the extracts was determined with an enzyme-linked immunosorbent assay (ELISA) using monoclonal antibodies (mAB) against transzeatin riboside (t-ZR), dihydrozeatin riboside (DHZR), isopentenyl adenosine (IPA), indole acetic acid (IAA) and ABA (Idetek Inc, San Bruno, Calif) 
Separation of peroxidase isoenzymes by isoelectric focusing
Extracts for isoenzyme separation were prepared from 200 to 500 mg of tissue homogenized with a Braun cell dismembrator and suspended in a buffer containing 10 mM Hepes, I mM dithiothreitol and 1 mM EDTA, pH 7.5 (200 gl/100 mg tissue). The extract was clarified by centrifugation in an Eppendorf microcentrifuge and used for electrophoresis. The acrylamide gel was prepared as follows: 11 ml acrylamide (30% acrylamide, 1.6% bis); 2ml ampholine (0.5 ml, pH 3.5-10, 1.5 ml, pH 4-6); 47 ml HzO; 300 gl APS 10% and 20 gl TEMED. Samples were adsorbed on small rectangles of Whatman no. 1 paper (4 x 7 ram) and removed 45 min after beginning the run. The gel was run in a LKB apparatus at 15 W (constant power) for 95 rain and then at 1000 V (constant voltage) for 20 min. Peroxidase activity was detected with 3-amino-9-ethyl carbazole as described by Graham et al. (1964) . IAA oxidase activity was visualized as described by Hoyle (1977) .
Results
Hormone content
Cytokinin levels of female and male plants were determined using mAB against tZR, DHZR and IPA: the results are shown in Fig. 1 . The levels of the three hormones are different among the various tissues examined and between male and female plants: in the spears and in young and intermediate flowers they are higher in male plants, while in mature flowers and phylloclades they are higher in female plants. In the latter two tissues, however, the difference is less pronounced. DHZR is the most abundant of the three cytokinins; large differences between female and male plants are found for the levels of IPA (+ 186% in male) and DHZR (+80% in male), particularly in young flowers. Differences in tZR levels are smaller for all organs examined.
In Fig. 2 total cytokinin levels (sum of the values found for the three cytokinins) are compared with the levels of IAA and ABA. In all of the organs examined, independent of sex, ABA was found to be the most abundant hormone, closely followed by IAA and, finally, at much lower levels, by the cytokinins. Each hormone could exhibit variations either among organs or between sexes, or both. In phylloclades only the cytokinins show significantly different levels between sexes (higher in female plants). In spears, the levels of auxin and ABA are practically identical in female and male plants. Auxin shows the lowest levels in comparison to the other organs examined, and ABA the highest. As for cytokinins the level observed in spears is of about the same order of magnitude as in the other organs and significantly higher in male plants. The most interesting results concern flowers where there were quite large differences between sexes that varied during development. In young flowers the concentration of the three cytokinins was about twice as high in males as in females. Male predominance is smaller in intermediate flowers. In large flowers, the situation was inverted due to a drastic decrease in cytokinin level that was observed only in male flowers.
A similar situation was found for IAA. Young male flowers have a higher concentration than their female counterparts, but the difference is even larger than that observed for cytokinins. In this case also differences level off at later stages of development -again due to a drastic decrease in the hormone level in male flowers and a less consistent increase in the female ones.
In the case of ABA the only significant difference between sexes was found in young flowers. At this stage the level of this hormone in male flowers is about twice as high as in female ones. At later stages the differences level off.
Further information on the role of hormones in sex differentiation can be obtained when the ratios between levels rather than absolute values are considered. Table I presents the cytokinin/ auxin ratio in organs of female and male plants. The ratio is much higher in spears than in phylloc- 
Peroxidase isoenzymes
Figure 3 A shows peroxidase isoenzymes from the same organs in which hormone content was measured separated by isoelectrofocusing (IEF) on acrylamide gel. Conspicuous differences between sexes were found only in flowers, and these differences appeared to depend on the developmental stage. The cathodic bands can be seen to be quite similar for the different organs. Of the anodic bands the slowest one is common to all organs; the other five are very strong in flowers and either very faint or completely missing in phylloclades. 239 (In spears that are mostly formed by very small flowers two of these bands can be observed). These flower-specific bands are present in young flowers of both sexes, but at a later stage of development (intermediate flower) they disappear in the female plant while persisting in the male. At a later stage (mature flowers) these bands also decline in intensity in the male. No significant difference among organs or sexes was found in the cathodic bands. (Table 2) . Stage 1 consisted of buds having an average length of less than 1 ram; stage 2 was the stage that had been called earlier "young flower"; stages 4 and 4 were between those that had been formerly called "young" and "intermediate" flower (the latter indicated in this series as stage 5). Stage 6 was between those formerly called "intermediate" and band common to all organs is not present while three of the five anodic flower bands are clearly visible. These three bands start decreasing in female flowers at stage 3 when the anthers still appear to be in good condition, but the pistil is already more developed than in male flowers. They are very faint at stage 4 when the anthers stop growing and disappear at stage 5 when the anthers are collapsed. In male flowers these bands are clearly visible until stage 5, at which time they suddenly disappear. The morphological aspect of the flowers at these different stages is shown in Fig. 4 together with their isoperoxidase pattern and the pattern of excised anthers. In the anther extracts the anodic
Discussion
The results of hormonal assays show that the levels of cytokinins, IAA and ABA are higher in male plants than in female plants, with the most significative differences appearing in young flowers. This stage of flower development is probably a crucial moment for sex expression, while differences found at later stages are smaller and probably not related to sex expression, but to the different developmental fate of the two flowers. It is particularly interesting to compare the levels of cytokinins and auxin in young flowers and spears, since the latter are mostly formed by flowers at an even earlier stage than our " y o u n g " flowers; they therefore cannot be physically separated from the axis. In the female plant the cytokinin content is slightly higher in spears than in young flowers and remains constant in the male, while auxin level, which is low in spears of both sexes, increases greatly in male flowers (+550%) and much less in females ones ( + 122%). The different behavior of the two hormones during flower differentiation suggests that in Asparagus auxin is the most important hormone involved in sex expression. The role of auxin in sex determination is different in different plant species. In Cucurbitaceae and in Cannabis IAA induces female flowers (Galun 1959; Galun etal. 1962; Heslop-Harrison 1959 , 1964 Vergely et al. 1967; Sedlovskyi 1972; Lvova 1973) , while its masculinizing role in sex determination is well known in the dioecious species Mercurialis annua, where it has been tested both through exogenous administration and endogenous level determination (Champault 1969 (Champault , 1973 (Champault , 1975 Kahlem et al. 1975; Hamdi et al. 1987) . On the other hand, the feminizing effect of cytokinin in Mercurialis and in other species (Dauphin etal. 1979 (Dauphin etal. , 1980 Champault et al. 1981 ; Durand and Durand 1984) is probably also present in Asparagus even if the absolute level of cytokinins is lower in female plants. Indeed, as shown in Table 1 the ratio between cytokinins and auxin changes from spears to flowers: in spears it is higher in the male plant (+25%) while in young flowers it is higher in the female plant (+64%). These observations suggest that during differentiation of the Asparagus female flower the ratio between cytokinins and auxin is more important than their absolute level. It is also possible that some other cytokinins we have not measured (particularly the free bases) have different distributions in male and female plants. Sex expression appears to be regulated not only by stimulatory hormones, but even by inhibitory ones. ABA, which is a known antagonist of gibberellins (Addicott and Lyon 1969) , auxin (Kefeli 1974; Gamburg 1976 ) and cytokinins (Kulaeva Among the peroxidase isoenzymes four anodic bands appear to be flower-specific and three of these are located in the anther. These three bands probably coincide to the peroxidase isoenzymes specific to developing anthers that have been found in various species (Kahlem 1975) . In young flowers which are still morphologically identical in the male and female plants, the four anodic bands are present in both sexes. They disappear during later development, but in female flowers their disappearance occurs much earlier than in male ones, approximately at the same time as when anther development is blocked. These bands can therefore be considered to be molecular markers for sex differentiation. In young female flowers the isoenzyme pattern is still similar to that of male flowers, while the hormonal pattern is already quite different. We may therefore assume that changes in hormone levels precede (and are perhaps the cause of) other changes linked with sex differentiation.
